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It is studied how the α cluster degrees of freedom, such as α clustering configurations close to the
α decay threshold in 12C and 16O, including the linear chain, triangle, square, kite, and tetrahedron,
affect nuclear collective vibrations with a microscopic dynamical approach, which can describe prop-
erties of nuclear ground states well across the nuclide chart and reproduce the standard giant dipole
resonance (GDR) of 16O quite nicely. It is found that the GDR spectrum is highly fragmented into
several apparent peaks due to the α structure. The different α cluster configurations in 12C and
16O have corresponding characteristic spectra of GDR. The number and centroid energies of peaks
in the GDR spectra can be reasonably explained by the geometrical and dynamical symmetries of α
clustering configurations. Therefore, the GDR can be regarded as a very effective probe to diagnose
the different α cluster configurations in light nuclei.
PACS numbers: 21.60.Gx, 24.10.-i, 24.30.Cz, 25.20.-x
Introduction.—Clustering is one of the most funda-
mental physics aspects in light nuclei. It is typically
observed as excited states of those nuclei and also in
the ground states for nuclei far from the β stability line,
where nuclei can behave like molecules composed of nu-
cleonic clusters. A great deal of research work has been
focused on α clustering for more than four decades [1, 2].
It is well established that α clustering plays a very impor-
tant role in self-conjugate light nuclei near the α decay
threshold due to the high stability of the α particle and
the strong repulsive α-α interaction [2–4]. At low den-
sities and temperatures, strong alpha clustering of the
nuclei is also predicted [5]. An important effect on the
nuclear equation of state due to the clustering effect was
also reported at low densities [6–9]. The influence of
clustering on nucleosynthesis is a fundamental problem
to answer in nuclear astrophysics [10]. However, many
problems have not yet been well understood, such as how
α clustering determines the configurations and shapes of
the many-body system and what are the aspects of the
collective dynamics of α clustering systems and the un-
derlying mechanism, etc. [11–15].
Isovector nuclear giant dipole resonances (GDRs), as
the most pronounced feature in the excitation of nuclei
throughout the whole nuclide chart, can give crucial clues
to understand nuclear structure and collective dynam-
ics. It is well established that the centroid energy of this
resonance can provide direct information about nuclear
sizes and the nuclear equation of state [16]. Meanwhile,
the GDR width closely relates with nuclear deformation,
temperature, and angular momentum [16–18]. The GDR
strength has a single peak distribution for spherical nu-
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clei with mass number > 60. The GDR in light nuclei
is usually fragmented [16, 19, 20]. For nuclei far from
the β stability line, another low-lying component appears
called pygmy dipole resonance [21–24], which relates with
the oscillation between the valence nucleons and the core.
It can be expected that multifragmented peaks, rather
than only one broad peak in the GDR spectra, can also be
obtained for self-conjugate (α) nuclei such as 12C and 16O
with a prominently developed α cluster structure in ex-
cited states. Therefore, it is very interesting to study how
an α cluster component manifests itself in GDRs. The
GDR spectra should provide important and direct infor-
mation to reveal the geometrical configurations and dy-
namical interactions among α clusters. In this work, we
report on the results of GDRs of α cluster states in light
excited self-conjugate nuclei within a microscopic dynam-
ical many-body approach. Then, the way in which the
different α configurations affect the GDR distributions is
investigated and the underlying mechanism responsible
for the collective motion is addressed.
For 12C, triangularlike configuration, is predicted
around the ground state by fermionic molecular dynam-
ics [25], antisymmetrized molecular dynamics [26, 27],
and covariant density functional theory [28], which is
supported by a new experiment [29]. A three-α linear-
chain configuration was predicted as an excited state with
different approaches [11, 28, 30]. The intrinsic density
of 12C and 16O may display localized linear-chain den-
sity profiles as an excitation of the condensed gaslike
states described with the Brink wave function and the
Tohsaki-Horiuchi-Schuck-Ro¨pkewave function [4, 31, 32].
For 16O, the linear-chain structure with four-α clusters
was supported by the alpha cluster model [33] and the
cranked Skyrme Hartree-Fock method [12]. A tetra-
hedral structure of 16O, made out of four-α clusters,
is found above the ground state with the constrained
2Hartree-Fock-Bogoliubov approach [5]. However, recent
calculations with chiral nuclear effective field theory [34],
covariant density functional theory [28], and an algebraic
model [35] also support the tetrahedral α configuration in
the ground states. Recent orthogonality condition model
calculations show a duality of the mean-field-type as well
as α-clustering character in the 16O ground state [36].
There are also many different configurational descriptions
implying the α cluster structure in 20Ne and 24Mg, such
as three-dimensional shuttle shape [5, 13] or chain states
[37, 38] as well as nonlocalised cluster states [39]. There-
fore, it is highly necessary and important [40] to look
for new probes to diagnose different configurations for
α-conjugate nuclei around the cluster decay threshold.
Model and methodology.—Quantummolecular dynam-
ics (QMD) type models have been successfully applied re-
cently for the study of various giant resonances (including
GDR, pygmy dipole resonance and giant monopole res-
onance) due to its microscopic basis and high flexibility
[24, 27, 41–43].
In the following calculations of GDRs, the nuclear sys-
tem is described within the QMD model framework. To
apply this approach to light nuclei like 12C and 16O, two
features of the model are important. One is the capacity
to describe nuclear ground states. The other is the sta-
bility of nuclei in the model description. In this respect,
it should be pointed out that standard QMD shows insuf-
ficient stability due to the fact that the initialized nuclei
are not in their real ground states. To solve this prob-
lem, an extended QMD called EQMD that displays some
new features will be applied in this work [44, 45]. For in-
stance, the width of Gaussian wave packets for each nu-
cleon is independent and treated as a dynamical variable,
which is an important improvement compared with older
models with a uniform and static width for all nucle-
ons. Furthermore, the kinetic-energy term arising from
the momentum variance of wave packets is taken into
account by subtracting the spurious zero-point center of
mass (c.m.) kinetic energy from the Hamiltonian. In
standard QMD, the kinetic-energy term arising from the
momentum variance of wave packets is spurious. Thus,
the constituent nucleons having finite momenta are not in
energy-minimum states that are the source of insufficient
stability.
For the effective interaction, Skyrme and Coulomb
forces, as well as symmetry energy and the Pauli poten-
tial, are used. Specifically, the Pauli potential is written
as
HPauli =
cP
2
∑
i
(fi − f0)
µθ(fi − f0), (1)
fi ≡
∑
j
δ(Si, Sj)δ(Ti, Tj)|〈φi|φj〉|
2, (2)
where fi is the overlap of a nucleon i with nucleons hav-
ing same spin and isospin and θ is the unit step function.
The coefficient cP is the strength of the Pauli potential.
This potential inhibits the system to collapse into the
Pauli-blocked state at low energy and gives the model
capability to describe α particle clustering. This capabil-
ity is very important for our calculation because it gives
us the possibility to extract information about clustering
configurations from GDR spectra. The phase space of
nucleons is obtained initially from a random configura-
tion. To get the energy-minimum state as ground state
as a ground state, a frictional cooling method is used for
the initialization process. The model can describe the
ground state properties, such as binding energy, rms ra-
dius, and deformation etc., quite well over very a wide
mass range.
The macroscopic description of GDRs by the
Goldhaber-Teller model [46], which assumes that protons
and neutrons collectively oscillate with opposite phases
in an excited nucleus, is used to calculate it from the
nuclear phase space obtained from the EQMD model.
Specifically, we get the initial state wave function Ψ(0)
of the system, by the EQMD initialization process. Then,
we boost Ψ(0) at t = 0 fm/c by imposing a dipole exci-
tation:
|Ψ∗
〉
= Dˆ(E)|Ψ(0)
〉
, (3)
Dˆ(E) =
∏
j
exp(−iTjδx · pj/~). (4)
Here, Dˆ(E) is the dipole excitation operator and E is the
excitation energy, which can be obtained by calculating
the difference in energy using the Ψ(0) and Ψ∗ states.
Tj stands for the isospin of the nucleons , δx is the sep-
aration between the c.m. of neutrons and the c.m. of
protons by boost.
The evolution of the excited wave function to the final
state is obtained by the EQMD model, a detailed process
of which was described in Ref. [44]. Considering the
lifetime of GDR excitations, we take the final state at t
= 300 fm/c.
The dipole moments of the system in coordinate space
DG(t) and momentum space KG(t) are, respectively, de-
fined as follows [41, 42, 47]:
DG(t) =
NZ
A
[
RZ(t)−RN (t)
]
, (5)
KG(t) =
NZ
A~
[
PZ(t)
Z
−
PN (t)
N
]
, (6)
where RZ(t)[PZ(t)] and RN (t)[PN (t)] are the c.m.’s of
the protons and neutrons in coordinate (momentum)
space, respectively. KG(t) is the canonically conjugate
momentum of DG(t).
From the Fourier transform of the second derivative of
DG(t) with respect to time, i.e.,
D
′′
(ω) =
∫ tmax
t0
D
′′
G(t)e
iωtdt, (7)
3the strength of the dipole resonance of the system at
excited energy E = ~ω can be obtained, i.e.,
dP
dE
=
2e2
3pi~c3E
∣∣D′′(ω)∣∣2, (8)
where dP/dE can be interpreted as the nuclear pho-
toabsorption cross section. It can be normalized as
(dP/dE)norm = (dP/dE)∆E/
∫∞
0
(dP/dE)dE, where
∆E is the energy range of the GDR concerned. In re-
alistic calculations, we take the integral interval from
8 to 40 MeV, which is consistent with the energy re-
gion of the GDR. The normalized dP/dE is calculated
in the excitation-energy region from 8 to 35 MeV, which
includes almost all the physically relevant GDR peaks.
When displaying the dP/dE spectrum, a smoothing pa-
rameter Γ = 2 MeV was used (our calculation shows that
the GDR width almost does not depend on Γ).
Results and discussion.— The GDR spectrum of 16O
obtained in the way described above is compared against
the experimental data [48] and first principle calculations
[49] shown in Fig. 1(a). Figure. 1(b) shows the 16O
dipole oscillation in two decomposed directions versus
time for one event. The wave function of the 16O sys-
tem at the ground state is obtained at a binding energy of
7.82AMeV, which is very close to the experimental bind-
ing energy: 7.98A MeV. The resulting ground state con-
sists of four α particles with a tetrahedral configuration.
The tetrahedral four-α configuration in the 16O ground
state is also supported by a new abinitio calculation by
Epelbaum et al. [34] using chiral nuclear effective field
theory. In addition, a recent covariant density functional
theory calculation also shows regular tetrahedral four-α
configuration in the ground state of 16O [28]. The long
dashed red line represents the calculated GDR of 16O by
a merged Lorentz integral transform of a dipole response
function obtained with the coupled-cluster method from
first principles. The comparison with data confirms that
the tetrahedral four-α configuration in initialization is
reasonable and the procedure used to calculate GDRs is
reliable. Then, we apply the method to explore GDRs
for excited α cluster states.
For light stable nuclei, the α cluster structure is ex-
pected around the threshold energy Ethrnα = nEα of the
nα emission. The Pauli principle plays a more and more
important role when the α cluster degrees of freedom be-
come more pronounced. Therefore, to quantitatively de-
pict the energy of α cluster states, the running parameter
of cP , which depends on the density, excitation energy,
or temperature of the system, is needed. Thus, the α
clustering states with different configurations around the
threshold Ethrnα are obtained with 20 MeV Pauli potential
strength, where α clusters are weakly bound, less than 1
MeV per cluster, in all systems considered.
For 12C, there are linear-chain and regular trian-
gle configurations. For 16O, we consider linear-chain,
kitelike[33], and square configurations. Different configu-
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FIG. 1: (color online)(a) Comparison of the GDR calculation for
16O (solid blue line, scaled by the left Y axis) against experimental
data (nuclear photoabsorption cross section on the Oxygen target),
Ref. [48] (empty triangles, scaled by the right Y axis), and first
principles calculation [49] (long dashed red line, scaled by the right
Y axis), (b) Time evolution of DG in the excited direction (solid
blue line) and the nonexcited direction (short dashed black line).
rations of α clustering give different mean-field character-
istics, which will essentially affect the collective motion
of nucleons, e.g., in GDRs. This speculation is verified
by Fig. 2.
10 20 30 40 500
0.2
0.4
0.6
0.8
1
(a) Be8
α
α
10 20 30 40 500
0.2
0.4
0.6
0.8
1
(c) C_triangle12
α α
α
dP
/d
E 
(ar
b. 
un
its
)
10 20 30 40 500
0.2
0.4
0.6
0.8
1
(e) O_kite16
α α
α
α
γE
10 20 30 40 500
0.2
0.4
0.6
0.8
1
(b) C_chain12
α
α
α
10 20 30 40 500
0.2
0.4
0.6
0.8
1
(d) O_chain16
α
α
α
α
10 20 30 40 500
0.2
0.4
0.6
0.8
1
(f) O_square16
α α
α α
(MeV)
FIG. 2: (color online). 8Be, 12C, and 16O GDR spectra with
different cluster configurations. The corresponding α cluster con-
figuration in the present EQMD model calculation is drawn in each
panel, in which blue and red balls indicate protons and neutrons,
respectively.The dynamical dipole evolution of 8Be, 12C, and 16O
with linear-chain configurations are shown in [50].
The GDR is anisotropic for α configurations shown in
Fig. 2, which originates from the fact that α clusters
are in a plane or in a linear chain in 8Be, 12C, and 16O.
We decompose the collective motion into two directions.
One direction is perpendicular to the plane or the line of
the α configurations, called the short axis, indicated by
long dashed red lines. The other direction is in the plane
or chain, and we take the longest axis of configuration
as this direction, called the long axis, indicated by solid
blue lines in Fig. 2.
The GDR spectra along the short axis have a single
peak around 30 MeV for all the cases considered in Fig.
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FIG. 3: (color online). Dependence of the GDR of 16O with a
square configuration on a different binding energy. The left (right)
peaks originate from the GDR parallel (perpendicular) to the con-
figuration plane.
2. It can be easily understood that the mean field along
short axis is the same for different α cluster configura-
tions. The peak at 30 MeV indicates the intrinsic collec-
tive dipole resonance of each α cluster, not affected by
other degrees of freedom, which is consistent with the ex-
perimentally observed GDR of the α-clusters in excited
A = 6 and 7 nuclei with possible α cluster structure [20],
where each α feels some neighboring nucleons and, thus,
has a slightly increased effective mass.
Different α configurations give different GDR spectra
along the long axis shown by the solid blue line. Com-
paring the results of 16O linear-chain [Fig. 2 (d)] and
square [Fig. 2(f)] configurations, one sees that the main
peaks are at different positions, i.e., 12 MeV for linear-
chain configurations and 20 MeV for square configura-
tions. Chain configurations with four α’s in a chain have
a larger size than four α’s in a square configuration. The
mean field with the larger scale is responsible for a lower
GDR peak, which is consistent with physics that the cen-
troid of the GDR peak reflects the interaction strength
between clusters.
For the 12C linear-chain configuration shown in Fig.
2(b), the GDR peak along the long axis has a larger
width than others since it consists of two peaks, around
16 and 20 MeV. The former peak comes from the mean
field of the whole chain, and the latter peak corresponds
to the two-α-like substructure mean field, which can be
confirmed by the GDR of 8Be [Fig. 2(a)]. However, no
peak shows up at 20 MeV for the chain state in 16O.
The reason is that there exists distructive interference
between the two 8Be substructures in 16O.
The GDR spectrum of 12C with a triangle configura-
tion is shown in Fig. 2(c), where the strong peak around
E = 25 MeV can be interpreted as the coupling contribu-
tion of three-α clusters which has a maximal value when
the configuration is a regular triangle structure. For the
12C triangle configuration, interactions of three-α clus-
ters are superimposed and strongly affect the mean field.
The peak at E = 20 MeV, originating from the two-
α mean field, is lower than the peak which originates
from the one among the three-α clusters. For the 16O
chain configuration and square configuration, there are
also peaks located at E = 25 MeV, which are consistent
with the three-α mean field. However, the strength is
very weak.
For the kite configuration of 16O [33] shown in Fig.
2(e), there are three peaks located at 12, 20, and 26 MeV,
respectively. The more complicated spectra are due to
the reduced symmetry of the kite configuration. In this
configuration, there exists another α weakly bound to
the three-α triangle structure. The additional α forms
a larger scale mean field than the 12C triangle configu-
ration and gives a GDR peak located at E = 12 MeV.
The peak at 20 MeV is also due to a two-α scale mean
field. Since there is a trianglelike substructure in the kite
configuration, the peak at 26 MeV originating from the
three-α mean-filed has larger strength, which moves from
25 MeV (in the 12C triangle system) to 26 MeV, under
the influence of the weakly bound α cluster. In our cal-
culations, the excited tetrahedron (around the threshold)
appears with a very small probability. In addition, this
excited tetrahedron is very unstable, which will evolve
into other irregular shapes and then into the square con-
figuration very quickly.
In order to confirm the reliability of the results and
explanations above, we study the binding-energy depen-
dence of the GDR for the 16O square configuration, as
shown in Fig. 3. The peaks originating from both α and
the mean field just move a little towards the low-energy
side without changing their shapes. Therefore, the num-
ber and centroid of the GDR peaks are not sensitive to
the binding energy of the cluster for fixed configurations,
which is consistent with the conclusion from microscopic
calculations [22, 49], namely, that the fragmented giant
resonance peaks do not depend on an effective interac-
tion.
Clusterization in light nuclei usually accompanies hy-
perdeformation. The very large deformation usually is
measured by a rotational band, which is considered as the
indirect proof of clusterization. Our calculations show
that GDRs of cluster nuclei can give more detailed in-
formation about clusterization, for example, that similar
GDRs of 8Be and triangle 12C appear as substructure in
GDRs of chain 12C and kite 16O, respectively. Therefore,
the α substructure can eventually be detected experimen-
tally.
From an experimental point of view, it is feasible to ob-
tain the expected dipole resonance described above built
on 12C and 16O excited cluster states by a monochro-
matic Compton backscattered γ-ray beam. The GDR
can be excited when the γ energy is close to the sum
of the GDR energy and excitation energy of the cluster
state; the high excited GDR state will immediately de-
cay to an excited cluster state and then to a ground state
by emission of γ and light particles, e.g., α. With exclu-
sive measurements, one can filter out other deexcitation
modes and reconstruct the GDR state. The experiment
could be realized on a high intensity γ-ray source, such
5as the HIγS. which has gone into operation recently [51].
Conclusions.— In summary, within a microscopic dy-
namical framework, we revealed how α configurations af-
fect nuclear collective motion, specifically, the GDR exci-
tation. The dipole strength of different α cluster config-
urations have different characteristic spectra. The char-
acteristic spectra depicted by the number of main peaks
and their centroid energies can be explained very well by
the geometrical and dynamical symmetries and are in-
sensitive to fine binding energy for given configurations.
Therefore, the GDR spectrum is a very promising unique
experimental probe to study light nuclei with possible α
cluster configurations. The measurement of the GDR
peak located around 30 MeV is a feasible way to con-
firm the existence of an α clustering state. Analysis of
other low-lying peaks can be used to diagnose the dif-
ferent configurations formed by α clusters; for example,
in the GDR spectra of chain 12C and kite 16O, there
exist similar GDR spectra of 8Be and triangle 12C, re-
spectively.
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